Phytoplankton play a vital role as primary producers in aquatic ecosystems. One common approach to classifying phytoplankton is fluorescence excitation spectroscopy, which leverages the variation in types and concentrations of pigments among different phytoplankton taxonomic groups. Here, we used a fluorescence imaging photometer to measure excitation ratios (''signatures'') of single cells and bulk cultures of seven differently pigmented phytoplankton species as they progressed from nitrogen N-replete to N-depleted conditions. Our objective was to determine whether N depletion alters the fluorescence excitation signature of each species and, if so, how quickly they recover when N (as nitrate) was resupplied, because these factors affect our ability to classify the species correctly. Of the seven species studied, only Proteomonas sulcata, a marine cryptophyte, showed measurable changes in single-cell fluorescence excitation ratios and bulk fluorescence excitation spectra. These changes were likely due to decreases in the cellular concentration of phycoerythrin, a N-rich pigment, as N became scarce. Within 3 h of resupply of N, fluorescence signatures began returning to pre-depletion values and were indistinguishable from N-replete cells by 80 h after resupply. These data suggest that our classification approach is robust for non-PE containing phytoplankton. PE-containing phytoplankton might exhibit systematic changes in their signatures depending on their level of N depletion, but this could be detected and the phytoplankton re-classified following a few hours of incubation in N replete conditions.
Introduction
Phytoplankton are microscopic photosynthetic algae that are the base of aquatic food webs. 1 They are taxonomically diverse and differences among classes are often based on differences in pigmentation determined by chromatographic and spectroscopic methods. 2, 3 All phytoplankton contain chlorophyll-a (Chl a). Other pigments may include accessory light-harvesting pigments-such as phycobilins, carotenoids, or accessory chlorophylls-or photoprotective (non-fluorescing) pigments-such as xanthophylls and carotenoids. 4, 5 The cellular concentrations of these different pigments varies by at least a factor of 2, even in unialgal cultures due to the differing cell cycle stages of the individual cells. 6, 7 We have previously reported even greater levels of heterogeneity in single-cell fluorescence, possibly due to varying fluorescence quantum efficiency. 8 Cellular pigment concentrations also vary with incident irradiance and/or nutrient supply 9, 10 and this could likewise affect fluorescence intensities.
We now routinely use fluorescence excitation spectroscopy to identify phytoplankton species at the single-cell level. However, the high variability of absolute fluorescence intensities in single cells as just described makes discrimination of cells by simple intensity measures less exact than we desire. Our recent work shows that the ratio of fluorescence excitation intensities in different wavelength bands in cells from a single culture form a much better signature for species than a single fluorescence intensity, with relative cell-to-cell variability (standard deviation relative to average ratio) of $6%.
11 This is consistent with other reports that pigment ratios are more reproducible than absolute pigment content. 12, 13 Most of our work has been conducted with phytoplankton cultures grown under non-varying incident irradiance, fixed light-dark cycles, and under nutrient-replete conditions. 8, 14 Extension of our results from cultures to natural populations requires an understanding of how environmental fluctuations might affect relative pigment concentrations and hence fluorescence ratio signatures for cells. Cellular pigment ratios are known to change in response to light and nutrient status in at least some phytoplankton taxa. 9, 10, 15 One approach to overcoming environmental fluctuations is to allow phytoplankton to equilibrate under a standard illumination condition with sufficient nutrients for growth before sampling. This approach is practical if phytoplankton pigment ratios and fluorescence ratio signatures respond relatively quickly to changes in conditions; but there are limited reports in the literature describing how rapidly fluorescence signatures change in response to sudden changes in nutrients, [16] [17] [18] [19] especially upon resupply of nutrients. Existing literature also generally describes bulk fluorescence responses. 20 We could find no reports of nutrient-induced changes in single-cell fluorescence ratio signatures, nor of the dynamics of fluorescence ratio changes during nutrient depletion and recovery. Because only photochemically active pigments fluoresce, 21, 22 the dynamics of fluorescence ratio changes are not necessarily the same as those of the pigments themselves. In addition, the changes observed in bulk samples are averages over many cells and it is not clear that individual cells follow the sample average.
The objective of this study was, therefore, to detect and describe changes in fluorescence excitation ratios for seven phytoplankton species in bulk samples and on single cells as they progressed from N-replete to N-depleted conditions, then after the resupply of N (as nitrate) to the culture medium. We then assessed the effect of changes in fluorescence excitation ratios on our ability to classify phytoplankton of varying taxa using an in-house instrument, the fluorescence imaging photometer (FIP).
Experimental

Stock and Experimental Cultures
Stock cultures of six of the phytoplankton species used were acquired from the National Center for Marine Algae and Microbiota at the Bigelow Laboratory for Ocean Sciences (NCMA, East Boothbay, ME, USA). The seventh species, Cryptomonas ovata, was acquired from the culture collection at the University of Texas (UTEX) ( Table I ). The seven species were selected to provide a range of pigment types and concentrations.
Stock cultures were grown in nutrient replete media at 20 C and 30 mmol quanta m -2 s -1 incident irradiance on a 12 : 12 light-dark cycle. For experiments, aliquots of exponential phase stock cultures were added to fresh growth medium in six separate 500 mL flasks until the diluted samples had a slight coloration (about a 70% dilution). Each of the replicate cultures had a total volume of 400 mL (except 800 mL for P. sulcata). Three of the flasks had starting nitrate concentrations equal to the concentrations in Table I (¼ þ N). The other three flasks had media with nitrate concentrations that were one-tenth of the level given in Table I (¼ -N). All six cultures were returned to the incubator and thus were subjected to the same growth conditions (excluding nitrogen concentration) as the stock cultures.
Once the cultures became dense enough to see a statistically significant number of single cells in the FIP ($2 days), they were sampled once per day for single-cell fluorescence excitation ratios (using FIP, see below) and for bulk spectral fluorescence using a standard fluorescence spectrophotometer (Model F4500, Hitachi, Tokyo). Cultures were regularly inspected for any change in turbidity or color; odors were also noted as an early indicator of a culture reaching the end of its nitrate supply.
The beginning of nitrogen depletion was observed visually in the cultures by a notable difference in color between the þN and -N samples. For cultures whose fluorescence spectra and single-cell ratios showed only minor change, there were no obvious color changes on visual inspection, but dead cells accumulated in the bottom of the flasks and would develop a strong sulfurous odor characteristic of cellular decay as the experiment proceeded. When the -N cultures of P. sulcata started to change visibly in color (pink to green), they were spiked with nitrate to a concentration of 0.84 mM NO 3 - (Table I ). After addition of nitrate to the -N cultures, all P. sulcata cultures were measured on the FIP and F4500 at 3 h intervals. Phycoerythrin (PE) extraction was also performed on all cultures after spiking so that PE concentration could be quantified. 23, 24 After 2.5 days of measurement, the rate of recovery of the -N signatures decreased and the sampling interval was increased to 12 h. The experiment was concluded when the -N cultures had similar spectra and scores to the þN cultures.
Analytical Methods
Fluorescence Imaging Photometry
For a detailed description of the FIP's design and operation, see Rekully et al. 11 Generally, as phytoplankton pass through the field of view of a fluorescence microscope objective they are excited by an excitation beam that is modulated by a filter wheel containing different bandpass filters. As the phytoplankton fluoresce, their emission is collected by the same objective and imaged onto a charge-coupled device array. The fluorescence from each individual phytoplankter excited by a single bandpass filter is called a ''streak'' and the combination of streaks in an image corresponding to the sequence of bandpass filters in the rotating filter wheel is called a ''track.'' For making measurements, around 2 mL of each culture was diluted to a final volume of 50 mL in filtered seawater before it was pumped through the FIP. The cell density was adjusted by dilution until an average of approximately one track per image was observed. Five hundred images were then collected for each replicate. Five hundred images of Nile Blue A/methanol solution were also collected for a flat field correction. The exact concentration of this solution was unknown but was diluted until the measured intensity was low enough to not saturate the detector. In between replicates, 100 images of 0.45 mm filtered seawater were collected for a background correction.
To analyze the sample images, we used an algorithm that automatically determines track bounds and fluorescence streak intensities that are then used to calculate fluorescence excitation ratios. Data from different replicates of the cultures were treated separately and analyzed to determine whether the ratios were similar. Data from replicate cultures were combined when population means were found to be within 95% confidence intervals of one another.
Two fluorescence ratios were measured for cultures based on filter sets installed in the FIP filter wheel. These filter sets are as described in Ref 11 . Briefly, filter set 1 consists of one filter with orange-red transmission (centered at 615 nm) and a second with green transmission (centered at 545 nm). Filter set 2 consists of one filter with blue transmission (centered at 470 nm) and another with yellow-green transmission (centered at 565 nm).
Bulk Fluorimetry
Bulk fluorescence excitation spectra were obtained with the F4500 spectrophotometer by monitoring emission centered at 680 nm and scanning excitation wavelengths from 400-630 nm at 2 nm increments. Entrance and exit slits were set to an effective width of 10 nm. Samples were measured in a 180 orientation in a custom-made back scattering sample cell apparatus which mimics conditions inside the FIP. For a detailed description of the apparatus and excitation spectrum measurement protocol, see Rekully et al. 11 After measurement, samples were filtered through a Whatman GF/F (0.7 mm) filter and the excitation spectrum of the filtrate was measured for background subtraction. Each culture excitation spectrum measurement was repeated five times. All spectra were normalized to unit area and a principal components analysis was performed. One principal component (PC) explained $92% of the variance. The score on this first PC was used to determine if replicate measurements could be combined. For each replicate an average PC1 score and standard deviation were calculated and the confidence interval for differences between means was computed using pooled variance. In about half of all instances for -N replicates, it was found that means were different from one another at the 95% confidence level, although the difference was slight. This is an indication that the three replicates of -N samples had enough experimental variability that they were distinguishable from one another. Representative values for the set of replicate samples were obtained by taking the averaging of each replicate and determining the standard deviation between replicates.
Results and Discussion Figure 1 shows the effect of nitrogen depletion on the fluorescence excitation ratios of all species measured on the FIP. In this figure, the distributions and sampling times were simplified for clarity as follows. First, for each individual species, all cell ratio data were pooled to produce combined þN and -N sample distributions. Second, the distributions themselves were simplified by showing 95% confidence boundaries for each distribution rather than the 24 389 separate single-cell ratios included in the figure. The numbers of single-cell ratios underlying each oval are shown in the figure legend.
Of the seven species measured in this experiment and summarized in Table I , only P. sulcata, a cryptophyte that contains the pigment phycoerythrin (PE) PE-545, showed a significant and measurable change in fluorescence excitation ratios upon nitrogen depletion. For P. sulcata, both filter sets showed a shift in fluorescence excitation ratios of single cells, although the shift was larger for filter set 2. The shift in pigmentation was visually observable as a shift of the color of the cultures from pink to green.
The chlorophyte Dunaliella tertiolecta, cryptophytes Cryptomonas ovata and Hemiselmis pacifica, the coccolithophore Emiliania huxleyi, and the diatom Thalassiosira pseudonana showed no significant change in coloration or fluorescence excitation ratios on nitrate depletion. We also observed no change in the dinoflagellate Prorocentrum minimum in response to nitrate depletion, consistent with the work of Latasa and Berdalet, 25 who saw no change in pigment ratios with N depletion in another dinoflagellate Heterocapsa sp.
Literature reports indicate that species with phycobilin pigments (PE and phycocyanin, PC) have shown changes in both absolute and relative pigment levels upon nitrogen limitation. 10, 26, 27 In this work there were two species with PE pigments, the cryptophytes C. ovata and P. sulcata, and one with PC, the cryptophyte H. pacifica. Of these, only the PE-containing species P. sulcata was observed to change fluorescence excitation ratios significantly with nitrate depletion in this study. All three of these species had bulk culture fluorescence spectra for which the phycobilin excitation band is distinct. The characteristic PE and PC fluorescence excitation bands for C. ovata and H. pacifica, respectively, do not change over the course of this experiment relative to the chlorophyll bands. But the spectra of P. sulcata (shown below) exhibited a substantial change in PE to chlorophyll ratio under low nitrogen conditions, with clear visual indicators. Consistent with reports for other PE-containing species, 16, 28 this suggests that P. sulcata is using the PE pigment as both a light-harvesting pigment and a reservoir of nitrogen that can be accessed in times of nitrogen scarcity. Other literature suggests that PC pigments may serve the same role, with loss of the PC pigment occurring in response to nitrogen limitation in some cases. However, the data in Fig. 1 suggest that PE and PC are not used as nitrogen reservoirs under the conditions of the experiment for C. ovata and H. pacifica. We note that P. sulcata contains larger amounts of PE pigment relative to chlorophyll under nitrogen replete conditions compared to the other phycobilin-containing species in this study. High performance liquid chromatography (HPLC) measurements performed by the Richardson lab (not shown) indicated a phycobilin to Chl a ratio of $8 for P. sulcata, $3.4 for C. ovata, and $5.3 for H. pacifica on a w/w basis. However, all three of these species have distinct phycobilin excitation bands in the bulk culture spectra, and only the band in P. sulcata diminishes upon nitrogen limitation (Fig. 2) . Figure 2 depicts bulk fluorescence spectra collected for all species included in the experiment. For ease of presentation, the median spectrum for both the þN (solid lines) and -N (dashed lines) treatments for one trial (one unique time point) are included. The time points were selected when the -N and þN spectra were the most different. In agreement with the single-cell data, only P. sulcata shows significant difference upon nitrogen limitation. Figures 1 and 2 omit details of the time-dependence of the effects of nitrogen depletion in favor of a simple presentation. Since the effects of low nitrogen levels are only observed for P. sulcata cultures in this study, Fig. 3 provides data on the displacement of the distribution of single-cell fluorescence excitation ratios for P. sulcata cells as a function of time from the start of the experiment, defined as the time at which the cultures were split into replicates. The red points in Fig. 3 follow the time course of deviations for cells in the -N replicates, while black points follow the progress of cell distributions in the þN replicates. Red points were calculated as the median Euclidean distance of the -N cell ratio distribution measured from the center (median) of the þN cell ratio distribution at the same point in the time course. Black points were calculated as a median Euclidean distance of the þN cell ratio distribution from the center of the initial cell ratio distribution for þN cells. The red vertical dashed line indicates when nitrate was added to the -N samples.
Median displacements were used in Fig. 3 instead of mean displacements because they are less sensitive to data outliers caused by image data that were misinterpreted by the automatic algorithm. Error bars were placed on the median displacements to provide a sense of the distribution. These error bars were determined by calculating median displacements from the distribution median separately for all data above and below the median in Fig. 3 . Skew in the distribution is observable by differing lengths of the error bars above and below the median.
Over the course of the experiment, the median of the þN cell distribution remained fairly constant. An increase in the upper bound of the -N displacement was observed over time, and a review of the distribution (not shown) indicated that the direction of this upper bound displacement was consistent with reduced PE pigmentation in some of the cells relative to other visible-absorbing photopigments. When the þN fluorescence ratio distribution skewed further in the first 113 h of the experiment Table I . Intensity is normalized to excitation at 465 nm (chlorophyll). Solid and dashed lines represent median nitrogen replete spectra (þN) and median nitrogen deplete spectra (-N), respectively. The curves represent the depleted (-N) and replete (þN) spectra at the time of measurement when they were most distinct. Fig. 1 , measured relative to the corresponding replete measurement at the same time. Nitrogen replete distances are measured relative to the initial replete measurement. Error bars represent one median absolute deviation calculated separately above and below the median. The dashed vertical line at t ¼ 113 h represents the point at which nitrate was added to the nitrogen deplete samples. Nothing was added to the nitrogen replete samples at that time.
shown in Fig. 3 , the increased skew was in this same direction although the median of the distribution stayed consistent. The displaced cells exhibited a small ($6%) but significant reduction in raw fluorescence intensity on the filter corresponding to chlorophyll (filter 3 centered at 470 nm) compared to the cells that were closer to the median. This may be an indication that the skewed cells were relatively young or could have been due to packaging effects or other factors. 6 In comparison, over the course of 113 h from the time the experiment started, the median fluorescence ratios of cells in the -N replicates diverged further and further from those in þN replicates. These changes were attributed to a nearly complete loss of PE pigment at the point of greatest deviation at 113 h as indicated by the disappearance of the PE band in fluorescence excitation spectra of the cultures and supported by the results of PE pigment extraction (not shown).
Nitrate was added to the -N samples at 113 h into the experiment, corresponding to the maximum in the -N displacement curve in Fig. 3 . Upon the addition of nitrate, the medians of the -N sample distributions began to recover back toward those of the þN samples. By 160 h into the experiment ($50 h from addition of nitrate), the -N cell fluorescence excitation ratio distribution began to overlap the ratio distribution of the þN samples again. Full recovery to a nitrogen replete state occurred $80 h after addition of nitrate A two-sample t-test was performed at each time step to determine whether or not the distributions of distances for þN and -N treatments were significantly different from each other. The null hypothesis was rejected at a 95% confidence level at all times between 50 h and 182 h. The P value calculated for t-tests reached a minimum (1.47*10 -160 ) at 113 h. At times greater than 194 h, the alternative hypothesis was rejected at a 95% confidence level; P values calculated for those tests averaged 0.794.
Literature reports are consistent with full recovery times on the order of days for PE pigmentation. For example, Dupré noted full recovery of PE in the rhodophyte Rhodosorus marinus within 48 h but did not sample before that point. 16 Levy and Gantt 19 reported that full recovery of PE pigmentation in the rhodophyte Porphyridium purpureum required much longer than 48 h.
Another feature of the data in Fig. 3 is that the recovery of PE pigmentation appeared to begin immediately on addition of nitrate for P. sulcata under conditions of our test. At a qualitative level, the recovery of P. sulcata single-cell fluorescence ratios from nitrogen starvation in Fig. 3 is approximately linear in terms of displacement from the þN replicate cultures over a period of nearly two days, and a line through post 113 h points (119-149 h) intersects a line through the pre 113 h data (48-95 h) at nearly the time of nitrate addition (110 AE 9 h). This appears to differ from some related recovery data in the literature. For instance, Fujita and Hattori 18 reported a 5 h induction time required before PE recovery begins in the cyanobacterium Tolypothryx tenuis after nitrogen starvation. Levy and Gantt 19 reported a 12 h delay in the rhodophyte Porphyridium purpureum under these conditions.
Visual inspection of the single-cell ratio data appears to show that depletion and recovery of pigmentation (in the form of fluorescence excitation ratios) in P. sulcata is homogeneous in nature, the entire distribution of cells deviates further and further from the initial condition rather than becoming bimodal. We tested these distributions more quantitatively using central moment analysis. Normalized third and fourth central moment analysis of the sample distributions, i.e., the measurement of skew and kurtosis, is commonly applied to test whether data are normally distributed. 29, 30 When applied to these data for single-cell fluorescence excitation ratios, none of the distributions representing a single time point in Fig. 3 are normally distributed, including the distributions for þN samples. However, central moment analysis becomes a very strict test of normality that few real distributions would pass when applied to large numbers of samples. 29 These tests for normality are much stricter than the criterion we applied to combine single-cell fluorescence ratios of replicates (described above). More relevant to the question of heterogeneity is that no trend in the skewness or kurtosis of the distributions was observed during the experiment as a response to nutrient state in either the -N or þN samples. To the extent we can observe, there is no evidence for heterogeneous depletion or recovery. Figure 3 is made with fluorescence ratios for >14 000 P. sulcata cells upon nitrogen depletion. Since the data appear homogeneous, it is expected that the bulk fluorescence spectra of the cultures should closely follow the behavior of the single-cell data. Figure 4 provides fluorescence excitation spectra for bulk P. sulcata cultures collected on the Hitachi spectrophotometer for comparison.
Most of the fluorimeter spectra were collected at 3 h intervals. For those portions of the experiment with larger (12 or 24 h) intervals, cubic spline interpolation was used to the spectra to 3 h intervals for ease of viewing in the waterfall plot format of Fig. 4 . All spectra in Fig. 4 were then normalized to the fluorescence excitation intensity at 465 nm, which corresponds to the excitation maximum of chlorophyll. Figure 4a provides control spectra of the þN cultures. The PE fluorescence excitation maximum occurred around 565 nm and was relatively stable in position and magnitude in these data. Figure 4b shows corresponding spectra of the -N cultures. In these, the PE peak around 565 nm reached a minimum at 113 h (the time of nitrate addition). Following addition of nitrogen, the PE peak began to gain intensity over time until it was fully restored at around 90 h after nitrate addition. The recovery process, however, did not appear uniform. Recovery was more rapid initially from 113 h to $175 h before leveling off and then accelerating again toward the end. Referring back to Fig. 3 , the same behavior may be occurring for the single-cell measurements but not as clearly. Examination of the day-night cycles for the growth of the phytoplankton did not reveal any obvious correlations between the illumination state and the growth of the PE fluorescence excitation peak.
To see how consistent the data in Fig. 4 were with the single-cell fluorescence ratios in Fig. 4 , simulated ratios and displacements were calculated using bulk culture fluorescence excitation spectra. This was done by calculating the scalar product of each fluorescence excitation spectrum with a combination of all spectral factors for all instrumental components, including the absorbance spectrum of each filter in the filter wheel. These scalar products represent simulated fluorescence excitation intensities for the various filters, which were then used to calculate estimated fluorescence excitation ratios. Euclidean distances were calculated from these theoretical ratios in the same manner discussed above. Figure 5 depicts Euclidean distances calculated from the bulk spectra in Fig. 4 for both the þN and -N samples according to the definitions of the Euclidean distances reported in Fig. 3 .
Distances calculated from bulk spectra agree well with the distances calculated from the single-cell measurements in Fig. 3 . At the time of nitrate addition (113 h), the þN and -N for both single-cell and bulk culture data are the most different with maximum displacements near 0.4 units that are statistically indistinguishable. Ninety hours after addition of nitrate, the ratios calculated from the bulk spectra converge in Fig. 5 . Just as in the single-cell data, the simulated fluorescence ratios for bulk cultures begin to recover promptly after addition of nitrate. In Fig. 5 , we also note that the recovery appears faster before $150 h into the experiment ($35 h after nitrate addition) and slower afterward. This behavior was not clearly evident in the single-cell data but could be hidden in the larger variability of the single cells. When a two-sample t-test was performed on the data in Fig. 5 , we found the two distributions to be significantly different from each other at a 95% confidence level at all points in time due to the negligible size of the bulk sample error bars. When sampling frequency was less than 3 h, a cubic spline interpolation was performed. Figure 5 . Median theoretical Euclidean distances calculated from bulk P. sulcata fluorescence excitation spectra. Dot product of spectra and optical components of FIP are calculated to get theoretical ratios. Red points represent Euclidean distances calculated from -N spectra, black points represent Euclidean distances calculated þN spectra. Error bars represent one median absolute deviation calculated separately above and below the median. The vertical dashed red line at time 113 represents when nutrients were added to depleted samples.
Fluorescence excitation ratios are useful for describing the relative abundance of pigments in single cells and cultures because they are relatively insensitive to cell size, absolute quantum efficiency of fluorescence, and total pigment content. When we looked at the raw intensities of individual cell fluorescence data, we found a great deal more variability due to these additional factors. It was only by averaging results for many cells that patterns begin to emerge from the fluorescence intensity data. Figure 6 depicts median track intensities for distributions of all single-cell samples during the experiment. The black points again represent þN cells and show little change over the course of the experiment. Red points represent -N cells, which initially showed a decreased intensity relative to the þN cells. After addition of nitrate, the -N cell average intensity increased to match that of the -N cells. Unlike the recovery in ratios, the recovery in fluorescence intensity appears delayed, followed by an abrupt recovery beginning $24 h after nitrate addition. However, inspection of the individual filter data in the tracks indicated the increase in intensity was almost all due to an increase in intensity from PE excitation. Little or no change in intensity was noted if we focused this plot on the chlorophyll excitation filter streak data alone. This suggests that the level of PE depletion is the main driver of this decreased overall intensity. Again, this is consistent with the idea that the cells have an internal source of nitrogen in the PE pigment, and that the health of the cells could be maintained through a short period of nitrate deprivation.
Changes in overall fluorescence intensity were synchronized with the 24 h cycle of illumination for single-cell intensities in both the þN and -N cultures.
Conclusion
Data presented here, and those from other laboratories, show that in some cases phytoplankton classification techniques that rely on spectroscopic methods are susceptible to error as a result of the effects of nitrogen depletion on cellular pigments. In addition to the species presented here, our laboratory has studied nitrate and phosphate availability in a number of other species; to date only species that use PE pigments for nitrogen storage, those with large amounts of PE pigment, have appeared susceptible. These species always appear in the lower left quadrant of the fluorescence ratio maps such as the one shown as Fig. 1 . In these cases, the cells can have very different fluorescence excitation ratios and spectra in nitrate-limited conditions, but when nitrate is restored the cells begin to recover.
These data suggest that classification of some species of phytoplankton from fluorescence excitation ratios or spectra could be improved if cells could be studied before and after exposure to a standard nutrient solution. We observed that the recovery is both immediate and homogeneous in P. sulcata. While recovery began immediately upon the addition of nitrate, the recovery took around 80 h before nitrogen deplete single-cell fluorescence ratios and bulk culture fluorescence spectra matched those of nitrogen replete cells.
So far, cells that ''score'' outside the region dominated by PE-containing cells in the map of Fig. 1 appear to be consistent regardless of nutrient state. Those that lie in the lower left quadrant, however, may be doubtful in their classification, with the doubt arising from their susceptibility to nutrient state. Data presented here and elsewhere suggest such cells could potentially be ''refocused'' by treatment in a standard nutrient medium. In this case, the direction and rate of any change in ratios of ''questionably assigned'' cells in the first few hours after exposure to standard nutrients could be sufficient to confirm or refute a classification.
The FIP is well positioned to investigate the dynamics of single-cell response to nitrogen depletion and subsequent recovery. Efforts in our laboratory are currently focused on utilizing this information about recovery in natural samples and investigating the dynamics of pigment response to changing illumination levels.
